We demonstrate a label-free and sheathless hydrodynamic approach that successfully separate particles and cells by size in straight microchannels. Particles and cells have size-dependent stable equilibrium positions in 0.1 wt % polyethylene oxide (PEO, M w = 4×10 6 g/mol) solution in a rectangular microchannel: 1μm particles focus at the channel center while 3μm particles focus near the channel side walls, which is completely different from the previously observed focusing at the channel center regardless of particle size. The effect of blockage ratio accounts for the deviation of large particles from the center. Utilizing this size-dependent differential migration, we successfully separate E. coli bacteria and red blood cells (RBCs) with both components tightly focused at different equilibrium positions in a straight microchannel, which has good parallelizability for higher throughput.
Introduction
Continuous separation of microparticles/cells with high efficiency is a challenging and crucial task for many biological, medical, environmental and industrial applications [1] [2] [3] . Recent years, hydrodynamic effects, e.g., fluid inertia [4] and elasticity [5] , have been utilized in microfluidic devices to focus and separate particles and cells by driving them laterally migrate towards specific stable equilibrium positions. Elasto-inertial migration of particles in non-Newtonian has attracted much attention since particles in Poiseuille flow of dilute polymer solutions (viscoelastic fluids) will migrate away from walls and towards the channel center when inertia is non-negligible [6] . The reduced stable equilibrium positions (compared with the inertial migration in Newtonian fluids) make elasto-inertial migration desirable for particle manipulation. Several groups have demonstrated sheathless particle separation with low efficiency [6, 7] , where large particles tightly focused at the channel center and small particles remained dispersed (the elastic force F e is size dependent, F e ~ a 3 ). Utilizing sheath flow, Nam et al. [8] Particles can laterally migrate in a pressure-driven flow of a viscoelastic fluid. The lift force is associated with fluid elasticity: normal stress differences N, i.e., the first (N 1 ) and second (N 2 ) normal stress differences. For simplicity, the contribution of N 2 is neglected as |N 2 /N 1 | < 0.1 for most polymer solutions [9] . The lift force on a small sphere arises from the imbalance of N 1 over the sphere surface [5] : 2 N using upper convected Maxwell model [9] . By balancing Stokes drag force F d = 3πηaV, the lateral migration due to the elastic lift is calculated as:
In rectangular microchannels, particles will migrate towards the centerline and four corners where has minimum. The Weissenberg number ( Wi ) characterizes the fluid viscoelasticity. In this work, the characteristic shear rate is defined as 
Methods
The PEO solution was prepared by adding PEO (M w = 4×10 6 g/mol) powder to 22 wt % glycerin aqueous solution to match the density of the polystyrene (PS) particles (1.05×10 3 kg/m 3 ). The suspensions of 1 μm and 3 μm PS particles were diluted in the PEO solution to 0.005% and 0.01% volume fraction, respectively. To prevent particle aggregation, surfactant Tween 20 was added into the suspensions at 0.1 w/v %. The relaxation time of the PEO solution is estimated as 2.8×10 -2 s by the empirical formula based on capillary breakup extension rheometry (CaBER) measurement. All the microchannels were 10 μm high and 30 mm long and had one inlet and one outlet. Fig. 1 . The size-dependent differential migration of particles with a = 1 μm and a = 3 μm. Figure 1 shows that 1μm particles (κ = 0.1) are focused at the channel center where the shear rate is vanishing. In contrast, 3μm particles (κ = 0.3) are focused near the sidewalls. In the limit of small κ, the lift force on a particle arises from the normal stress imbalance due to the curvature of the velocity profile. On the other hand, a particle with large κ tend to migrate closer to the walls, which is associated with intensified normal stresses at the near-center side of the particle [10] . The major portion of fluid chooses to flow through the larger gap between the particle and the channel wall. The streamline around a particle can be intensified at the near-center side of the particle, resulting in enhanced compressive normal stress. As a consequence, large particles will be driven towards the wall. Utilizing this size-dependent differential migration, we successfully separate E. coli bacteria and red blood cells with both components tightly focused at different equilibrium positions in a straight microchannel (Fig. 2) . This approach has good parallelizability for further throughput improvement. In Fig. 2 , the tight focusing of E. coli bacteria suggests the potential of obtaining high-quality focusing and separation for sub-micron particles. Using 0.2 wt % PEO solution, we successfully focus particles with a = 0.5 μm into a tight stream (Fig. 3) . 
Results

Conclusion
Using a size-based differential viscoelastic focusing, we demonstrate a sheathless and label-free separation in strictly straight microchannels. Using 0.1 wt % PEO solution, E. coli bacteria and RBCs are completely separated in microchannels with H = 10 μm and AR = 4. We further focus sub-micron particles with a = 0.5 μm using 0.2 wt % PEO solution. Due to the straight design, the throughput can be readily amplified by massive parallelization.
